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Holographic Patterning Method and Tool for Production Environments 

BAC K GROUN D OF TH E INV ENTI O N 
This is a continuation of U.S. provisional application serial number 
60/019,491, filed June 10, 1996. 

Field o f the love rrttaP 

The present invention relates to a method and apparatus for high throughput 
holographic microltthography in which interferometric patterning techniques suitable 
for producing periodic arrays of sub-micron sized structures are adapted for and 
incorporated into a high-throughput large field size manufacturing tool. The method 
and tool of the present invention have applications in the display, semiconductor, 
and optics manufacturing industries. 

Description of the Prior Art 

An unmet need exists for an efficient tool adapted for production of flat panel 
displays based on distributed cathode field emission display (FED) technology, a 
strong competitor in the flat panel display market currently dominated by liquid 
crystal display (LCD) manufacturers. A FED is a distributed cathode, flat panel 
analog to the well known cathode ray tube (CRT). Essentially, billions of miniature 
electron 'gun' cathodes are distributed spatially over the surface of a display 
substrate. Electrons are emitted from the tiny cone-shaped cathodes under the 
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influence of a high accelerating potential, and strike a phosphor screen placed over 
a common anode and are thereby converted to photons (i.e., light). The most critical 
st p in the fabrication of the FED distributed cathode matrix is patterning of an array 
of holes or wells in which emitter cones are grown. In the prior art, a photosensitive 
medium such as photoresist has been employed to record an image of a hole array 
formed by conventional photo- lithographic techniques such as shadow masking 
(contact printing), optical projection, electron or laser beam direct writing. The hole 
array or pattern, in photoresist, can then be used as an etch mask in the process of 
forming the holes. In the prior art, hole patterns have been limited by resolution and 
field size of the imaging or writing systems, and complex, often expensive, work- 
around solutions have been required to achieve modest field sizes of fifty by fifty mm 
with hole diameters in the one to two micron range. Recent research has 
demonstrated that reduction in the hole size (and consequently the emitter size), 
below the one micron range provides numerous benefits such as a reduced gate 
voltage, lower power consumption, greater current densities per pixel, and built-in 
redundancy. Thus, to fully realize the potential of FED technology, an inexpensive, 
high speed, production environment lithographic tool, incorporating a patterning 
technology capable of producing large-area, high-density, sub-micron diameter hole 
arrays with few defects and at low cost, is needed . 

Holographic or interferometric lithography has been proven in laboratory 
environments to be feasible for generating the high-resolution periodic structures 
suitable for flat panel FEDs and exploits the mutual coherence of multiple optical 
beams derived from a single light source such as a laser The laser beams are 
made to overlap in some region of space and interfere to produce patterns of light 
and dark areas that repeat on a scale proportional to the wavelength and are 
subsequently recorded in photosensitive media such as photoresist. Conventional 
contact or projection photo masks are not required and so holographic lithography is 
known as a "maskless" lithography technique. In addition, by exploiting inherent 
photoresist and etching process non-linearities, a variety of surface relief structures 
can be generated with no change in the optical configuration. 

Oth r useful surface relief structures can be patterned using holographic 
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lithography such as a "motheye" or sub-wavelength-structure (SWS) surfaces. 
Motheye surface structures have been shown to be effective for nearly eliminating 
the reflectance of light from an optical interface such as between air and a window 
or a refractive optical element. The term "motheye" is derived from the insect's eye, 
a natural analog; it was observed that the eye of a nocturnal insect (e.g., a moth) 
reflected little or no light regardless of the light wavelength or the angle at which 
incident light struck the eye surface. The eye surface functions in a manner similar 
to a graded index material, essentially allowing the smooth transition between media 
with differing bulk density. To avoid diffraction effects, synthetic motheye surfaces 
must be fabricated with feature sizes and spacings smaller than the wavelength of 
light incident upon the surface. For most infrared or visible wavelength applications, 
this necessitates structure spacings in the sub-micron to sub-half micron range, 
patterned over the entire surface (e.g., window or optic area). A means for 
manufacturing motheye structures in high volumes and over large areas is not 
available in the prior art and a variety of products could benefit from the increased 
ruggedness and anti-reflective performance afforded by motheye surfacing over 
large areas. 

Manufacture of liquid crystal displays (LCDs), also requires improvement. 
Liquid crystals (LCs) are anisotropic molecules which can affect the properties of 
light with which they interact, and, under the influence of an electric field, can vary 
the magnitude of this affect LCDs are formed by the creation of a cell, typically 
constructed using glass, within which the LC molecules are confined. The term 
"crystal* refers to the structure or ordering of the LC molecules into a definable or 
measurable state typically found with molecules in a solid state. This artificially 
created ordering is accomplished by depositing thin layers of material on the 
boundaries of the cell, which either physically, or electrostatically force the LC 
molecules to preferentially align in one direction. The "alignment layers" as they are 
known in the art, are typically processed using a physical rubbing or buffing 
technique comprising a spinning drum or cylinder and rolling it over the cell substrate 
coated with alignment material. High levels of hazardous static charge and 
spreading particulate (from the rubbing material) are generated during this process; 
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in addition, manufacturing yi Ids can be improved. 

S UM M ARY QF TH5 INVENTION 

LCD manufacturing yield increases are provided by incorporating a non- 
mechanical, non-contact alignment layer process which avoids problems with static 
charge and is compatible with existing manufacturing equipment and environments. 
The process of the present invention includes patterning surface structures into an 
alignment material layer. Using the holographic lithography techniques of the 
present invention, surface structure LC alignment layers are produced with the 
enhanced anti-reflective properties of motheye surfaces. By producing sufficient 
asymmetry in the surface structures, the patterning process allows control of both 
angular rotation and angular tilt (known as pre-tilt or tilt-bias in the art) of the LC 
molecules with respect to the cell walls. 

It is, therefore, an object of this invention to provide a holographic lithography 
patterning tool enabling the high-volume processing of LC structures. 

ft is also an object of this invention to provide a holographic lithography 
patterning tool enabling the high-volume manufacturing of large-screen area flat 
panel displays based on FED technology. 

It is another object of this invention to provide a manufacturing tool capable of 
producing motheye antireflection surface relief patterns for visible and infrared 
window and optics applications, and for the diamond film industry. As noted above, 
the LCD industry can also benefit from this invention which allows the production of 
structured alignment layers with enhanced optical performance and greater product 
yield. Very large scale integration (VLSI) semiconductor and electro-optic device 
manufacturing can also use the method and tool of the present invention in sub- 
half micron processes and optical beam modulation devices. 

These and other objects of the invention are attained by providing a 
manufacturing tool having four major components: first a source of polarized, 
coherent optical radiation with a wavelength suitable for exposing photosensitive 
media such as that derived from a laser; second, a flexible, re-configurable beam 
delivery system with a means to divide and re-direct, or fan ut the coherent radiation 
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into a two, three or four beam irrterferometric configuration; third, a structure for 
damping the acoustical and mechanical vibrations typical of manufacturing 
environments; and fourth, a mechanized two-dimensional translation stage, panel or 
wafer mount with a computer controller for replicating the patterning area over 
arbitrarily large substrates. 

Holographical lithography demonstrations in the laboratory have employed 
UV wavelength light derived from an argon ion gas laser which is highly automated 
and reliable, making it a good choice for a manufacturing tool. A wavelength in the 
deep blue spectral range is also available with argon ion gas lasers; the wavelength 
choice becomes a tradeoff between photoresist sensitivity and laser power. A large 
variety of photoresists possess high sensitivity to energy in the near UV spectral 
range, whereas the number of photoresists sensitive to energy having a visible blue 
wavelength is more limited, and in those photoresists, sensitivity is typically lower. 
However, the blue wavelength is currently the more practical choice for a 
manufacturing tool, for a number of reasons: first, the divergence of an optical beam 
for a given waist or aperture size decreases for shorter wavelengths (a relationship 
having a direct impact on field size in the proposed system ~ field size is 30% larger 
for 458 nm light than for 351 nm - again given a fixed aperture size); second, 
alignment and maintenance of a holographic setup is greatly simplified when 
operating with a visible, relatively eye-safe light source; and third, laser lifetime for 
the argon-ion gas laser is dramatically reduced when operated at near UV 
wavelengths. A production environment laser, consequently, is expected to last up 
to two times longer when operated at 458 nm. Finally, a flexible beam delivery 
syslem is an integral component of the present invention and requires specialized 
optical fibers which, to date, exhibit inferior, unstable, and impractical performance 
when guiding UV wavelength Kght 

Laboratory demonstrations have produced two-dimensional patterns utilizing 
two-beam holographic technology but requiring cumbersome mechanical rotation 
between two superimposed recordings, and so are not practical in a production tool 
system. Consequently, a further object of this invention is to provide a patterning 
system based on three or four beam interference, requiring only a single exposure to 
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generate two-dimensional arrays of holes, cones, posts, tips, vias, mesas, grids, or 
micro lenses. Multi-beam intensity patterns also inherently possess a greater 
contrast between light and dark areas, yielding structures having higher aspect 
ratios. 

Another significant object of this invention is to replace the conventional, 
mechanically unstable spatial filters of the prior art with single mode, polarization 
maintaining optical fibers, thereby eliminating optical noise and providing highly 
divergent large area beams and providing a flexible means for controlling and 
modifying the optical configuration. In addition, the flexibility afforded by optical 
fibers allows equalization of beam path lengths and elimination of the longitudinal 
mode suppressing etalon incorporated in the gas laser source. This improvement 
results in a gain in laser power (by nearly a factor of two) and consequently a 
doubling of throughput. 

Equalization of optical beam path lengths is also facilitated by employing a 
non-conventional means for dividing the multiple beams into equal parts. A single 
diffracting element such as a binary-phase Dammann grating (or a more efficient 
arbitrary-phase fanout) is employed to yield multiple equal intensity beams with 
negligible path length differences attributable to the dividing process. Diffractive 
lements can also be integrated with passive or active waveguides to yield a highly 
flexible and compact system for controlling the relative phase between each of the 
output beams. 

A further object of this invention is to provide a means for generating very 
large area patterns, greater than that afforded by the natural divergence of an optical 
beam exiting an optical fiber. A field size enlargement technique is disclosed and is 
based on the combination of optical fibers with diffusing (or random scattering) 
optical elements. Diffusers are employed by those skilled in the art of producing 
holograms of real world objects. Diffusers disrupt the spatial coherence of the 
illuminating beam, thereby reducing the local interference noise caused by light 
reflected from various object features. Diffusers also produce a level of spatial 
optical noise due to their scattering function, an unacceptable result when recording 
interference patterns. In the prior art, researchers have worked around this problem 
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by mechanically rotating the diffuser to average out spatial noise over recording 
time, a solution impractial in a production environment, due to the resulting loss in 
pattemable volume creating an imaging-like problem similar to poor depth of focus. 
An aspect of the present invention is the discovery that when highly divergent light 
from an optical fiber is directed through a diffuser, the level of spatial noise (or 
speckle) introduced by the diffuser is vastly reduced, while the function of beam 
enlargement is maintained, and beam divergence is increased by a factor of two or 
more with only a slight increase in the level of spatial noise. Specialty adapted 
diffusers can be produced which further enhance the illumination uniformity by 
varying the radial scattering rate and thereby producing illuminating beams with little 
variation in intensity. The advantageous combination of a fiber optic waveguide and 
a diffuser aberrates the resulting illumination, thus averaging out the spatial noise 
and reducing errors in the resulting holographic pattern, 

A final object of this invention is incorporation of an improved illumination 
setup in a manufacturing tool, yielding more uniform feature size patterning over 
larger areas. The enhanced feature size uniformity is attained using two techniques. 
First, the phase of each beam is aberrated to reduce feature distortions and feature 
spacing variations resulting from the enlarged beams. Second, illumination 
uniformity is enhanced by overlapping the centrokis of the illuminating beams in a 
plane located a fixed distance from the recording plane. For a given field size, the 
fixed distance is optimized together with the beam divergence to produce no more 
than 15% variation in the intensity of integrated illumination. Photoresist modelling 
shows that variation yields a maximum of five percent variation in recorded feature 
size. 

The aforesaid objects are achieved individually and in combination, and it is 
not intended that the present invention be construed as requiring two or more of the 
objects to be combined unless expressly required by the claims attached hereto. 
The above and still further objects, features and advantages of the present invention 
will become apparent upon consideration of the following detailed description of a 
specific embodiment thereof, particularly when taken in conjunction with the 
accompanying drawings wherein like reference numerals in the various figures are 
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utilized to designate like components. 

DESCRIPTION OF THE DRAWINGS 

Fig. 1a is a front elevation view in partial cross section of a patterning head of 
the tool system of the present invention. 

Fig. 1b is a side elevation view in partial cross section of the patterning head 
of Fig. 1a. 

Fig. 2 is an perspective view in partial cross section of the tool system remote 
control tower and water-to-water heat exchanger 

Fig. 3 is an overhead or plan view of the laser source platform and depicts the 
dividing and coupling of the free space laser beam into the fiber optic cables. 

Fig. 4a is an overhead or plan view of the beam delivery breadboard with 
associated rails for the three beam delivery systems. 

Fig. 4b is an overhead or plan view of the beam delivery breadboard with 
associated rails for the four beam delivery system. 

Fig. 5 is an overhead or plan view of the recording plane translation stage 
and substrate mounting system, or chuck; also depicted is a maximum-size 
substrate with a typical pattern area. 

Fig. 6a is an optical schematic diagram of the flexible beam delivery system 
based on fiber-optic caWes; a four beam configuration is shown. 

Fig. 6b is an optical schematic diagram of the flexible beam delivery system 
based on fiber-optic cables; a three beam configuration is shown. 

Fig. 7a shows a compact 1:4 fanout structure for dividing a single light source 
into four sources. 

Fig. 7b shows a compact fanout structure using three 1:2 fanouts, for dividing 
a single light source into four sources. 

Fig. 7c depicts a grating-coupled frustrated total internal reflection (FTIR) 
device for dividing a single light source into multiple sources. 

Fig. 7d depicts an integrated optic waveguide structure employing mode 
cross coupling for dividing a single light source into multiple sources. 

Fig. 8a is a computer generated contour plot of intensity distributions for a too! 
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system not employing shifted three-beam illumination; superimposed on the plots is 
a rectangle representing the screen area of a typical 300 millimeter diagonal display. 

Fig. 8b is a computer generated contour plot of intensity distributions for a tool 
system including the shifted three-beam illumination of the present invention; 
superimposed on the figure is the rectangle representing the screen display, as in 
Fig. 8a. 

Fig. 9 is similar to Fig. 8b but illustrates the intensity distributions plotted for a 
four-beam tool system having shorter displacement and a tower beam divergence. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Figs. 1a and 1b are, respectively, a front elevation view in partial cross 
section and a side elevation view in partial cross section, illustrating the patterning 
head 10 of the tool system of the present invention. Patterning head 10 is part of a 
cluster of tools making up a modern display manufacturing facility. Patterning head 
10 includes three main levels: the lowest level 12 contains a laser illumination 
source 14 on a platform 15 (an embodiment of a laser illumination source is shown 
in Fig. 3); the middle level 16 is a panel mount or chuck 18 (Le., for panel or 
workpiece 19) and X-Y translation stage 20 (detailed in Fig. 5); and a beam delivery 
breadboard 22 (e.g., as shown in Fig. 4a), mounted in a gantry support system 24 
supporting first, second and third carriage mounted fiber positioning stages 25a, 25b 
and 25c, comprises the top level 26. Deriving power and control signals from the 
remotely positioned control tower (shown in Fig. 2), patterning head 10 provides the 
production environment framework within which holographic pattern generation 
requirements can be met. In particular, there is a requirement for isolating the laser 
beam paths 27a, 27b, 27c and the recording plane (e.g., the upper surface 28 of 
workpiece 19) from vibrations due to excessive air flow, mechanical equipment 
vibrations, acoustic noise and any other ambient source of vibration. Vibration 
isolation is provided for all three levels 12, 16 and 26 in patterning head 10 using 
four vertical pneumatic passive damping supports 30. Pneumatic supports or 
isolators 30 float the patterning head 10 on compressed air. To attenuate vibrations 
from air currents and airborne acoustic noise, both the laser source walls 31 and the 
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patterning chamber walls 32 are enlcosed using aluminum or stainless steel 
skinned, foam core panels typical of modem clean room wall coverings. Patterning 
head 10 is tethered (to the control tower and heat exchanger support equipment 
shown in Fig. 2) by the laser umbilical and a second cable bundle containing 
vacuum and electrical control lines. 

Patterning head 10 includes a patterning chamber 34 enclosed by four 
patterning chamber walls 32 and a chamber lid 36. Patterning chamber 34 can be 
sealed and, when sealed, is optically enclosed or light tight. Mutually coherent laser 
beams shine downwardly from the fiber positioning stages 25a, 25b, and 25c, along 
the laser beam paths 27a, 27b, 27c, and are aimed toward panel mount 18 which 
acts as a platform to support a workpiece to be subjected to the holographic 
lithography process of the present invention. An aiming point 38 on the panel upper 
surface 28 is approximately at the center of the laser beam paths 27a, 27b, 27c. 

Fig. 2 illustrates support equipment included in the tool system for use with 
patterning head 10. Patterning head 10 (Figs. 1a, 1b) is controlled using a control 
tower 40 including a personal computer 48 that interfaces with the driving 
electronics, directs the patterning sequence, and monitors the tool system status. 
The laser source 14 (Figs. 1a, 1b) is temperature controlled via a stand-alone water- 
to-water heat exchanger 44. A conventional electric air compressor (not shown) 
provides the requisite compressed air for the pneumatic table isolation supports 30 
(Figs. 1a, 1b). Control tower 40 also includes an exposure energy meter 46 for 
measuring and indicating the holographic exposure energy, shutter drivers (and 
control relays) for controlling timing of the panel exposure and a stepper motor 
controller 50 for controlling the electric stepper motors used to position the X-Y 
translation stage 20 (Figs. 1a, 1b) upon which the panel mount 18 rests within the 
patterning chamber 34. Control tower 40 is also used to house power supply 52 for 
laser illumination source 14. 

Fig. 3 is an overhead plan view of the platform containing an embodiment of a 
laser source 14* and represents an optical diagram, drawn approximately to scale, 
showing the free-space laser beam path, conventional beam splitting and directing 
optics, fiber-optic coupling connectors, cables and the optomechanical hardware for 



WO 97/47997 



PCT/US97/U625 



n 

mounting and aligning the optics and fiber-optic cables. The laser depicted is an 
argon-ion gas laser 60 generating a polarized, single-frequency (or optionally a 
single-line) beam with a wavelength of 457.9 nanometers, in the blue range of the 
visible spectrum. As noted above, the choice of this wavelength contributes to the 
large field-size, flexible beam delivery, and enhanced illumination uniformity 
advantages of the tool system of the present invention. Laser source 60 generates 
a coherent light source beam directed through a sequence of first and second 
turning mirrors 62, 64, and then to a set of one, two or three beam splitters dividing 
the single beam into two, three or four equal portions, respectively . As noted 
above, the patterning tool of the present invention can include two, three or four 
laser beams. In the embodiment of the laser source 14* shown in Fig, 3 f four 
substantially equal and mutually coherent laser beams are produced by use of first 
second and third successively positioned beam splitters 66, 68 and 70. As is well 
known in the art, a beam splitter reflects a portion of an incident laser beam and 
allows the remainder to pass through; so, as shown in Fig. 3, a portion of the 
coherent light source beam incident upon beam splitter 66 is reflected at an acute 
angle toward a first electronic shutter 72 (which is in an open, light transmissive 
state) and on through first waveplate 74 and is launched into the first flexible fiber 
optic patch cord 76 via a connectorized mounted fiber positioning stage 78. The 
light passed through beam splitter 66 is received by beam splitter 68. In similar 
fashion, the reflected energy from second beam splitter 68 is transmitted through 
second electronic shutter 80 (when in the open, fight transmissive state), through 
second waveplate 82 and is launched into second flexible fiber optic patchcord 84 
via second connectorized mounted fiber positioning stage 86. Likewise, the light 
passed through beam splitter 68 is received at beam splitter 70. The reflected 
energy from third beam splitter 70 is transmitted through third electronic shutter 90 
(when in the open, light transmissive state), through third waveplate 92 and is 
launched into third flexible fiber optic patchcord 94 via third connectorized mounted 
fiber positioning stage 96. Finally, light transmitted through third beam splitter 70 is 
reflected from a third turning mirror, is transmitted through fourth electronic shutter 
100 (when in the open, light transmissive state), through fourth waveplate 102 and is 
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launched Into fourth flexible fiber optic patchcord 104 via fourth connectorized 
mounted fiber positioning stage 106. 

The beam splitters 66, 68, and 70 serve to divide the coherent light source 
beam into first, second third and fourth mutually coherent optical beams. As shown 
in Figs. 7a, 7b, 7c and 7d, there are a number of alternatives for dividing the source 
beam. In alternative embodiments, the source beam is divided upon being directed 
through a diffiractive one-to-fbur fanout 1 10 as shown in Fig. 7a, through serially 
arrayed one-to-two fanouts as shown in Fig. 7b, through a grating coupled frustrated 
total internal reflection device (FTIR) 111 (comprised of a slab waveguide with 
spaced diffiractive elements) as shown in Fig. 7c ? or a mode cross-coupling 
integrated optic waveguide divider 114 (including a slab waveguide with branching 
trees and optional electro-optic phase modulators)as shown in Fig. 7d, to generate 
the four beams desired. 

The four beams are then incident upon fiber optic cables 76, 84, 94, 104 (Fig. 
3) fitted at the proximal end with pre-aligned, collimator-type fiber coupling 
connectors included in the respective mounted fiber positioning stages 78, 86, 96, 
106, Once launched into and contained by the flexible fiber-optic patch cords, the 
beams are easily manipulated simply by moving the fiber optic patch cords. The 
fiber optic cables 76, 84, 94, 104 are directed through an access hole in the 
translation stage table and then up along the gantry support posts to the beam 
delivery breadboard level, as shown in Fig. 4b. 

Figs. 4a and 4b are overhead views of two embodiments of the laser beam 
delivery breadboard. The three beam embodiment of Fig. 4a corresponds to the 
patterning head embodiment 10 of Figs. 1a and 1b. The four beam embodiment of 
Fig. 4b corresponds to the laser source embodiment 14' illustrated in Fig. 3. For 
both embodiments, each fiber optic cable distal end is mounted in a two-axis 
mechanical gimbal, which in turn is mounted on a carriage type base. The carriages 
can be manually (or via optional automation) positioned along the length of raits; 
carriage position defines the range of pattern feature size and pattern feature 
spacing. Graduated stops along the calibrated rail system are located at commonly 
selected postions. Gantry support system 24 is illustrated in figure 4a and includes 
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a planar support beam delivery breadboard 22 affixed to four vertical granite 
columns or stanchions 134. A three beam rail system 1 18 is bolted to gantry 
support system 24 and includes first, second and third equal length rails 120, 122 
and 124, radially spaced in a common plane and affixed to one another in a center 
rail connection hub 128 disposed near the center of the patterning chamber 34. Rail 
graduation markings 126 are used to position the carriage mounted fiber positioning 
stages 25a, 25b, 25c, which are preferably positioned at equal distances from the 
center rail connecting hub 128, as can be seen by use of the imaginary reference 
lines 130 included in Fig. 4a. Patterning chamber walls 32 can be seen in cross 
section, as well as the four comer granite stanchion supports 1 34. The four rail 
embodiment of the rail system is shown in Fig. 4b and includes first, second, third 
and fourth rails 136, 138, 140 and 142, respectively, arrayed in a common plane and 
radially spaced and affixed to one another at the center of the chamber 34' in a 
center rail connection hub 144; this embodiment also includes patterning chamber 
walls 32 and the four corner granite stanchion supports 134, as above. For the 
embodiments of Fig. 4a or Fig. 4b, the entire breadboard (e.g., 22 of Figs. 1a and 
4a) is supported at the four corners by precision machined vertical granite 
stanchions 134. Laser beams emanating from the fiber-optic cable distal ends are 
directed downwardly towards the translation stage/panel mount level, as discussed 
above. 

Fig. 5 is an overhead view of the translation stage level 16 depicting the 
range of travel or translation for the two-axis X-Y stage 20 and the panel mount 1 8 
including a vacuum chuck 150. In the embodiment illustrated, vacuum suction force 
for the chuck 150 is controlled in zones by computer; a variety of vacuum control 
schemes permits accommodation of a variety of panel sizes, up to a maximum of 
650 by 550 millimeters. Larger panels can be accepted with simple changes in the 
scale of the tool and chuck 150. Chuck temperature can be maintained under 
computer control. The chuck 150 incorporates a panel lift feature to facilitate the 
automated panel loading and unloading, and a beam power detector 152 is at the 
aiming point 38 (e.g., as in Fig. 1a) and integrated below the chuck surface for 
automated exposure metering. 
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The illumination system of the present invention is schematically illustrated in 
Fig. 6a which shows a flexible, shifted four-beam illumination architecture. Fig. 6b 
schematically illustrates a three-beam embodiment. As discussed above, the beam 
from laser source 14 is divided, in any of the manners described herein, and 
launched into fiber-optic cables at the cable proximal ends (e.g., at the mounted 
fiber positioning stages 78, 66, 96 and 106). Coupling of laser light into single- 
mode, polarization maintaining fiber (optical waveguide) has traditionally been a 
difficult task due to the small fiber core diameters - typically in the two to four micron 
range. Recently, however, fiber-optic cable manufacturers have been 
"connectorizing* cable products with mechanical mounting hardware and optics, 
usually for collimating the light emanating from the fiber ends. However, in the 
present invention, a typical fiber collimator is operated in a reverse sense, whereby 
nearly collimated laser light is coupled into the fibers at the fiber proximal ends (e.g., 
at the mounted fiber positioning stages 78 t 86, 96 and 106), whereupon the 
alignment tolerances for launching light into the fiber are greatly increased and 
coupling stability is vastly improved. These advantages, together with the flexible 
nature of the fiber cables, make fiber cables well suited for use in the manufacturing 
tool of the present invention. Another surprising advantage obtained by employing 
fiberoptic cables is the ability of fiber optic cables to replace the function of 
conventional spatial filters used in laboratory setups. The act of coupling the laser 
light into the fiber cable eliminates amplitude noise in the beams, and produces 
highly divergent beams as a result of the confinement of the light within the small 
diameter fiber core. The highly divergent beams emanating from the ends of fiber 
cables > as shown in Figs. 6a and 6b, have a high numerical aperture. The fibers are 
cut to lengths which allow the optical path lengths to be set equal, thereby allowing 
the laser to operate at an increased power level afforded by the presence of multiple 
longitudinal modes, or, using industry terminology, single-line operation. 
Connectorized on the distal end of each fiber, an optical element 160 (i.e., a 
conventional refractive lens) can be employed to optimize the divergence of the 
illuminating beams illuminating the workpiece. However, in the preferred 
embodiment, optical element 160 is a conventional diffusing element imparting both 
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phase and amplitude noise or aberration which, in conjunction with the highly 
divergent beam emanating from the fiber distal end, tailors the phase noise. As 
discussed above, this combination yields precise control over the illuminating beam 
divergence without the unacceptable spatial noise as is typically found when using 
diffusers. The advantageous combination of a fiber optic waveguide and a phase 
aberrating diffuser modifies the resulting illumination beam, thus averaging out the 
spatial noise and reducing errors in the resulting holographic pattern. Optical 
element 160 is preferably a diffuser having a diffusing angle in the range of 5M0° 
(uniform or gaussian) and is preferably selected to optimize microscopic feature 
uniformity; at present a diffuser having a diffusing angle of 10° is being 
experimented with. Alternatively, optical element 160 can be a mirror including 
diffusing and enlarging surfaces, employed in a reflective-mode operation. In the 
three-beam embodiment of Fig. 6b, the cable distal ends 164 are located in a 
common plane 166 and in a triangle arrangement; the recording plane 168 is located 
at a fixed distance (e,g., greater than one meter) from and parallel to the common 
plane 166 defined by and containing the cable distal ends 164. Alternatively, with 
four beams as shown in Fig. 6a, the cable distal ends 164 define and are positioned 
in a planar square grid 170. The arrangements of Fig s 6a and 6b produce a two- 
dimensional interference pattern which can be observed at the recording plane 168. 

In the laboratory work of the prior art, the recording plane 168 coincides with 
the plane containing the intersecting beam centroids (i.e., the plane defined by the 
point of intersection of the centers of the three or four illuminating beams). Figs. 6a 
and 6b also show the shifted illumination technique of the present invention by 
which the beam centroids are displaced from (i.e., do not intersect in) the recording 
plane 168, but instead intersect in a shifted or offset plane 172 located five to ten 
centimeters above and parallel to the recording plane 168. Because the intensity of 
the light emerging from the fiber-optic cable distal ends 164 is greatest at the beam 
center and decreases along a beam radius with a nearly gaussian distribution, 
angularly displacing the three (or four) illuminating beams allows for a more uniform 
illumination at a recording plane 168 vertically offset (e.g., by five to ten centimeters) 
from the beam centroid overlap plane 172. 
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Figs. 8a and 8b illustrate this effect for the three illumination beam 
embodiment of Fig. 6b. The plots of Fig. 8a and Fig. 8b represent the macroscopoic 
intensity distribution resulting from overlapping three illuminating beams. On this 
macroscopoic scale, the intensities of the three beams are summed and the 
resulting distribution is represented in a contour plot where each successively outer 
ring represents a drop of five per cent from the next interior or higher intensity. Also 
plotted in the figures is a rectangle 180 representing a two hundred fifty by two 
hundred millimeter area corresponding to a three hundred millimeter diagonal screen 
area suitable for FED patterning. In the plots of Figs. 8a and 8b, the divergence of 
the illuminating beams is fixed. Fig. 8a depicts the illumination found in the shifted 
or offset plane 172 (Fig. 6b) where all three beam centroids overlap. In this case the 
resulting intensity distribution varies with the expected gaussian profile yielding a 
50% variation in the level of the illumination within the rectangular target field 180. 
This directly impacts the feature size recorded in photoresist, yielding a comparable 
and unacceptable feature size variation over the exposed area. One solution to this 
problem would be to further expand the size of the illuminating beams, however this 
becomes impractical at existing laser power levels and would lead to long exposure 
times and poor tool manufacturing throughput. In the method of the present 
invention, the illuminating beam centroids are axialty displaced, thereby shifting the 
beam centroid overlap plane away from the recording plane and effectively 
broadening the area of low variation illumination, the results of which are depicted in 
Fig. 8b, again for a fixed beam divergence. The plot of Fig. 8b represents the 
illumination in a recording plane 168 axially offset or shifted some distance from the 
plane 172 in which the beam centroids overlap; an apparent displacement of each of 
the three illuminating beams is observed. Note that a more acceptable maximum 
variation of only 15% in illumination level is found in the comers 182 of the 
rectangular target field 180. The optimum shift in this illumination model was 
eighteen centimeters measured along lines radiating out from the center to the 
comers of an isosceles triangle, and the gaussian beam diameters in the plane are 
nearly sixty centimeters, providing ample beam overlap as is necessary for 
generating the microscopic interferometric patterns. 
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Fig. 9 depicts the plotted experimental results (also as illumination intensity 
contours over an area) for the shifted illumination technique of the present invention 
utilizing four illuminating beams, as in Fig. 6a. Comparing the plots of Fig. 8b to Fig. 
9, it is evident in Fig. 9 that good illumination uniformity over the rectangular target 
184 is more readily obtained with four beams, yielding lower beam divergence and 
smaller displacements. The illumination intensity contour curves plotted in Fig. 9 
are for a four-beam system incorporating an offset or shift of only ten centimeters 
with illuminating beam diameters one-third smaller than those for which results are 
depicted in Fig. 8b. The lower beam divergence yields a more concentrated 
illumination and consequently shorter exposure times and higher tool manufacturing 
throughput 

From the foregoing description it will be appreciated that the invention makes 
available a tool and method for holographic lithography well suited for use in 
manufacturing environments, the embodiments disclosed herein are examples and 
many variations are possible. For example, arrays of lines suitable for grating or 
electrode applications may be obtained by utilizing two or three illuminating beams. 
Such patterns may also be useful in forming alignment layers for liquid crystal-based 
devices and displays. Asymmetric placement of the illuminating beams (e.g., by 
asymetric placement of the carriage mounted fiber positioning stages 25a, 25b, 25c 
on rails 136, 138 and 140) can generate a variety of sub-micron sized structures 
having rectangular or oval shapes and suitable for phase shifting optics or for 
patterning more arbitrarily shaped structures for integrated circuit applications. 
Because the microscopic interference patterns exist wherever the illuminating 
beams overlap, the patterning system can also be used to generate periodic 
structures on arbitrarily shaped surfaces such as missile domes, aircraft canopies, 
and curved refractive optics. 

As noted above, a variety of products could benefit from the increased 
ruggedness and anti-reflective performance afforded by motheye surfacing over 
large areas. A partial list incudes applications such as automobile or aircraft 
windows, protective or anti-glare screens for artwork or displays, eye or sun glasses, 
residential or commercial windows, imaging systems such as cameras, tel scopes, 
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microscopes, and binoculars, as well as photocells for use in optical sensing, optical 
data transmission and energy gathering. In addition, motheye surfaces find 
application in the diamond film industry where increased surface area may enhance 
the adhesion of the diamond layers, and the surface structures themselves may 
provide a greater density of diamond nudeation sites yielding a more uniform film 
coating. 

Having described preferred embodiments of a new and improved method 
and apparatus, it is believed that other modifications, variations and changes will be 
suggested to those skilled in the art in view of the teachings set forth herein. It is 
therefore to be understood that all such variations, modifications and changes are 
believed to fall within the scope of the present invention as defined by the appended 
claims. 
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What is claimed is: 

1 . A lithographic tool system including an interferometric pattern generator, 
comprising: 

a coherent light source generating a coherent light source beam; 

means for dividing said coherent light source beam into first, second and third 
mutually coherent optical beams; 

a first optical waveguide having a first end and a second end including means 
for launching said first mutually coherent optical beam into said first waveguide first 
end and having an optical element on said first waveguide second end, wherein said 
optical element causes said first mutually coherent optical beam to become a first 
divergent beam having a first centroid; 

a second optical waveguide having a first end and a second end including 
means for launching said second mutually coherent optical beam into said second 
waveguide first end and having an optical element on said second waveguide 
second end, wherein said optical element causes said second mutually coherent 
optical beam to become a second divergent beam having a second centroid; 

a third optical waveguide having a first end and a second end including 
means for launching said third mutually coherent optical beam into said third 
waveguide first end and having an optical element on said third waveguide second 
end, wherein said optical element causes said third mutually coherent optical beam 
to become a third divergent beam having a third centroid; 

a platform having a substantially planar surface adapted to support a 
workpiece having a selected thickness and a photosensitive surface; 

a first support disposed a selected distance from the platform surface, 
wherein said first support includes a first mount, and said first waveguide second 
end is affixed to said first mount and positioned to aim said first divergent beam at 
said platform surface; 

wherein said first support further includes a second mount and said second 
waveguide second end is affixed to said second mount and positioned to aim said 
second divergent beam at said platform surface; 
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wherein said first support further includ s a third mount, and said third 
waveguide second end is affixed to said third mount and positioned to arm said third 
divergent beam at said platform surface; and 

wherein said first divergent beam, said second divergent beam, and said third 
divergent beam are combined to generate an interferometric pattern of light in a 
reference plane, said reference plane being defined by overlap of said centroids of 
said first, second and third divergent beams, and said reference plane is 
substantially parallel to said platform surface. 

2. The lithographic tool system of claim 1, wherein said first, second and 
third optical waveguides are of substantially equal length. 

3. The lithographic tool system of claim 1 , wherein said reference plane 
is offset from said platform surface by an offset distance greater than said workpiece 
selected thickness. 

4. The lithographic tool system of claim 3, wherein said offset distance is 
in the range of five to ten centimeters. 

5. The lithographic tool system of claim 1 , wherein said means for 
launching said first mutually coherent optical beam into said first waveguide first end 
comprises a collimator. 

6. The lithographic tool system of daim 1 , wherein said first waveguide 
comprises a single-mode polarization maintaining optical fiber. 

7. The lithographic tool system of claim 1, wherein said optical element 
on said first waveguide second end comprises a refractive lens. 

8. The lithographic tool system of claim 1 , wherein said optical element 
on said first waveguide second end comprises a diffusing optical element. 
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9. The lithographic toot system of claim 1 1 wherein said coherent light 
source comprises an argon-ion gas laser 

10. The lithographic tool system of claim 1 , wherein said a coherent light 
source beam is polarized and has a wavelength in the blue range of the visible 
spectrum. 

11. A method for generating an interferometric pattern, comprising the 
following method steps: 

(a) generating a coherent light source beam; 

(b) dividing said coherent light source beam into first, second and third 
mutually coherent optical beams; 

(c) launching said first mutually coherent optical beam into a first 
waveguide first end, wherein said launching causes said first mutually coherent 
optical beam to become a first aberrated beam having a first centroid; 

(d) launching said second mutually coherent optical beam into a second 
waveguide first end, wherein said launching causes said second mutually coherent 
optical beam to become a second aberrated beam having a second centroid; 

(e) providing a first support at a selected distance from a substantially 
planar platform surface, 

(f) placing a workpiece having a selected thickness and a photosensitive 
surface on said panel surface; 

(g) aiming said first aberrated beam at said platform surface; 

(h) aiming said second aberrated beam at said platform surface; 
(I) combining said first aberrated beam and said second aberrated 

beam; and 

(j) generating an interferometric pattern of light in a reference plane, said 
reference plane being defined by overlap of said centroids of sard first and second 
aberrated beams, wherein said reference plane is substantially parallel to said 
platform surface and offset from said platform surface by a selected offset distance 
greater than said w rkpiece selected thickness. 
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12. The method of claim 1 1 , wherein step (b) includes directing said 
coherent light source beam toward a diffractive fanout element. 

13. The method of claim 1 1 , wherein step (b) includes directing said 
coherent light source beam toward a grating coupled reflective optical element. 

14. The method of claim 1 1 , wherein step (b) includes directing said 
coherent light source beam toward a mode cross coupling integrated optic 
waveguide. 

15. The method of claim 1 1 , wherein step (b) includes directing said 
coherent light source beam toward a beam splitter. 

16. The method of claim 1 1 , wherein step (c) comprises launching said first 
mutually coherent optical beam through a diffuser at said first waveguide second 
end. 

17. A lithographic tool system including an interferornetric pattern 
generator, comprising: 

a coherent light source generating a coherent light source beam; 

means for dividing said coherent light source beam into first second, third 
and fourth mutually coherent optical beams; 

a first optical waveguide having a first end and a second end including means 
for launching said first mutually coherent optical beam into said first waveguide first 
end and having a diffusing optical element on said first waveguide second end, 
wherein said optical element causes said first mutually coherent optical beam to 
become a first divergent aberrated beam having a first centroid; 

a second optical waveguide having a first end and a second end including 
means for launching said second mutually coherent optical beam into said second 
waveguide first end and having a diffusing optical element on said second 
waveguid second end, wherein said optical element causes said second mutually 
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coherent optical beam to become a second divergent aberrated beam having a 
second centroid; 

a third optical waveguide having a first end and a second end including 
means for launching said third mutually coherent optical beam into said third 
waveguide first end and having a diffusing optical element on said third waveguide 
second end. wherein said optical element causes said third mutually coherent optical 
beam to become a third divergent aberrated beam having a third centroid; 

a fourth optical waveguide having a first end and a second end including 
means for launching said fourth mutually coherent optical beam into said fourth 
waveguide first end and having a diffusing optical element on said fourth waveguide 
second end, wherein said optical element causes said first mutually coherent optical 
beam to become a fourth divergent aberrated beam having a first centroid; 

a platform having a substantially planar surface adapted to support a 
workptece having a selected thickness and a photosensitive surface; 

a first support disposed a selected distance from the platform surface, 
wherein said first support includes a first mount, and said first waveguide second 
end is affixed to said first mount and positioned to aim said first divergent aberrated 
beam at said platform surface; 

wherein said first support further includes a second mount and said second 
waveguide second end is affixed to said second mount and positioned to aim said 
second divergent aberrated beam at said platform surface; 

wherein said first support further includes a third mount, and said third 
waveguide second end is affixed to said third mount and positioned to aim said third 
divergent aberrated beam at said platform surface; 

wherein said first support further includes a fourth mount, and said fourth 
waveguide second end is affixed to said fourth mount and positioned to aim said 
fourth divergent aberrated beam at said platform surface; and 

wherein said first divergent aberrated beam, said second divergent 
aberrated beam, said third divergent aberrated beam and said fourth divergent 
aberrated beam are combined to generate an interferometric pattern of light in a 
reference plane, said reference plane being defined by overlap f said centroids of 
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said first, second, third and fourth divergent aberrated beams, and said reference 
plane is substantially parallel to said platform surface. 

18. The lithographic tool system of claim 17, wherein said first, second, 
third and fourth optical waveguides are of substantially equal length. 

19. The lithographic tool system of claim 17, wherein said reference plane 
is offset from said platform surface by an offset distance greater than said workpiece 
selected thickness. 

20. The lithographic tool system of claim 19, wherein said offset distance is 
in the range of five to ten centimeters. 

21 . The lithographic tool system of claim 17, wherein said means for 
launching said first mutually coherent optical beam into said first waveguide first end 
comprises a collimator 

22. The lithographic too) system of claim 17, wherein said first waveguide 
comprises a single-mode polarization maintaining optical fiber. 



WO 97/4 W7 



PCI7US97/11625 





o 



WO 97/47997 



3/10 



PCT/US97/11625 




WO 97/47997 



POVUS97/11625 



4/10 




WO 97/47997 



PCT/US97/11625 



5/10 




WO 97/47997 



PCI7US97/U625 



6/10 




WO SK7/47997 



PCT/US97/11625 



7/10 





S 



WOi>7/47997 



PCTYUS97/11625 



8/10 

1,4 FANOUT ! FANOUTS 

LASER 




FIG,7c^ 4 FIG,7b 

GRATING ci ao 

COUPLED FTIR WAVEGUIDE 




laser! — ^ 



DIFFRACTIVE 
'ELEMENTS 




FIG.7c 



TkiTTrrDArATm ELECTRO-OPTIC 
INTTEGRAGATLD phasf 

□PTIC WAVE GUIDE 1 MODULATORS 
(MODE CROSS COUPLING)^ MQ DULA I uk^ 




FIG,7d 



WO 97/47997 



PCT/US97/11625 



9/10 




WG'NOIlISOd 



WO 97/47997 PCT/US97/ 11625 




INTERNATIONAL SEARCH REPORT 



International application No. 

PCT/US97/U625 



A. CLASSIFICATION OF SUBJECT MATTER 
IPC(6) :G02B 06700 

US CL : 385/147. 12, 24, 31 
According to International Patent Classification (IPC) or to both national classification and IPC 

B. FIELDS SEARCHED 

Minimum documentation aearched (classification system followed by classification symbols) 

U.S. : Please Sec Extra Sheet 



Documentation Marched other than minimum documentation to the extent that such documents are included in the fields searched 



pi^i. ..* - ^ date base fwrniHrd during the international search (name of data, base and, where practicable, search terms used) 

light source and optical waveguide* and splitter # and divergent beams* and ptatform; 
interfefOfnetic pattern generator* and Btthograpbtc tool 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 


a^ it i i n [ ■ 

\MCgpTJ 9 


Citation of dexwroent, with indication, where appropriate, of the relevant passages 


Relevant to claim No. 


A 
A 


US 4,789,214 A (VILHELMSSON et al) 06 December 1988 
(06.12.88) abstract and figure t 

US 5,430,816 A {FURUYA et al) 04 July 1995 (04.07.95) 
see abstract and figure 9 


NONE 


[~~J Puitl 


ber documents are listed in the continuation of Box C. Q See patent fiumty annex. 


4*+mim*m .Mflil ii*an ^pliiHiatia rlMiS*— *w^—SM 
"A* ilii iiwiii lilTifr|f in r*^ : ' yiMylmrSMwyaaJir^yiat***' 

T mill si r—M Mala* H «- or ** kaa»i»o-t Pit drt. " X " filSiala^ 1 to aw»S!S£«^«Mf 

*L" ' ' —j " — J — ^' r'"^ *^ " *a»a*a»BaM» 

da* » i^hat aW |M*jir^rii faf of — atatc dartkm f oaW » Y . j, rM ia1 if ffciiiaii . t_ JiMj* kvn J * *" 

^ irsal ajinfiat) uilini *» v ■ aaa*! ■ **■» *• i » 
•O- iummmt r' ^j 1 r n rtw ■< wjfc o— «r — i. n«fc» -eh wc> i l nl ■ Him 


Date of the actual completion of the international search 
12 SEPTEMBER 1997 


Date of mailing of the international search report 

2 4 SEP 1997 


Name and mailing address of the ISA/US 
CoaMmsaiooar of Pastatt and Trademarks 

BoxPCT 

WaihtagKtt, D.C. 20(231 
Facsimile No. (703) 305-3230 


l/W AN T. H . PALMER i/A 1 ' V 
telephone No. (703) 308-4848 



Form PCT/IS A/210 (second sheetMJriy 1992)* 



INTERNATIONAL SEARCH REPORT 



Intcmtt tonal tpplicstioi) No. 

PCT/US97/U625 



B. FIELDS SEARCHED 
Mimmom documentation searched 
Chiificrtioo Syatan: U.S. 

385/1. 4, 12, 14, 15, 24. 28, 31, 32, 33, 115, 116. 147; 
219/121.6, 121.61. 121.75, 121.76; 
359/619, 626; 
250O27.23. 



Form PCT/lSA/210 (extrm ibcctXJuly 1992)* 



